Near band-edge luminescence and evidence of the weakening of the N-conduction-band coupling for partially relaxed and high nitrogen composition Ga As 1 x N x epilayers
Since the discovery of giant bandgap bowing in GaAs 1Àx N x (x 5%), these pseudo-binary alloys have been actively studied. [1] [2] [3] [4] [5] GaAs 1Àx N x belongs to a class of mismatched semiconductor alloys (other examples include InSb 1Àx As x , ZnTe 1Àx Se x ), 6 where the virtual crystal approximation, so successful in modeling the alloys like Ga 1Àx Al x As or Ga 1Àx In x P, breaks down. A number of unusual properties are observed in GaAs 1Àx N x alloys. For example, contrary to the prediction of k Á p theory, the electron effective mass increases even as the energy gap is reduced on alloying. 7 Furthermore, due to the relatively large difference in size and electronegativity between the anion elements, GaAs 1Àx N x is thought to have a miscibility gap in the growth phase diagram. 8 This leads to its tendency to phase-separate and form clusters. The optical and electronic properties are often dominated by the electronic states associated with these localized cluster states. 9, 10 The localized states manifest in an order of magnitude larger alloy disorder scattering potential compared to other semiconductor alloys, leading to degradation of carrier mobility, large Urbach tail in the absorption edge, 11 "S-shape" in the temperature dependence of the peak emission energy, 12 and large Stokes' shift between absorption and emission. 13 An isolated nitrogen dopant forms a resonant level with the conduction band states and, on account of alloying, these conduction band states are highly perturbed as the nitrogen concentration is increased.
1-5,10 After 15 years of intensive study, the recent interest in GaAs 1Àx N x has shifted to focusing on N concentrations less than 0.5% for understanding how the band structure evolves as one goes from the very heavy doping (parts per hundred thousand) to the dilute alloy (parts per hundred) limit. [14] [15] [16] [17] [18] [19] This paper discusses the nature of light emitting states in ultra-dilute GaAs 1Àx N x observed through a very complex emission spectrum. We will present strong evidence for the existence of both localized and delocalized states within the continuum of states forming the defect band, [18] [19] [20] address the controversy whether the low energy peaks in the emission spectra are phonon-assisted transitions or from a separate set of cluster states, [21] [22] [23] and finally discuss the quantum mechanical enhancement of the excitonic oscillator strength on account of the localization of its center of mass. 24 GaAs-GaN alloys can normally only be grown under highly non-equilibrium conditions using molecular beam epitaxy, metal-organic vapor phase epitaxy, or forced incorporation of nitrogen into GaAs by ion bombardment, followed by annealing and possibly hydrogenation steps.
2-4 In each case, the nitrogen atoms may be located at metastable positions and the electronic and optical properties may differ between samples and between different growth techniques.
We, on the other hand, have previously demonstrated that epitaxial GaAs 1Àx N x /GaAs can be grown by the liquid phase epitaxy (using GaAs þ Ga þ GaN melt with 2% molar Li 3 N as a flux for nitrogen dissolution in GaAs) under close to equilibrium conditions. 25 The advantage of studying such melt-grown samples is that GaAs 1Àx N x is more likely to be in an equilibrium phase and the conclusions of the studies based on such samples may have more generic (sample-independent) validity. With such samples, one is of course limited to the ultra-dilute alloy limit. Photoluminescence (PL) measurements were conducted in a helium closed-cycle optical cryostat in the temperature range of 4-80 K. The sample was excited with a 643 nm diode laser and the spectra were dispersed with 500 mm spectrograph equipped with a chargecoupled device. The incident excitation power was varied over three orders of magnitude between 15 and 1500 lW.
PL at 4 K at a low excitation power of 16 lW is shown in Fig. 1 . The peaks above 1.46 eV are attributed to usual free and bound exciton states from the GaAs substrate. In addition to these, we observe a distinct peak at 1.450 eV and a set of peaks below 1.408 eV. If the free-exciton transition arising from the hybridized conduction band due to alloying in GaAs 1Àx N x identified with the 1.450 eV peak, one infers x % 0.25%. 16, 23 The structure in the transitions below 1.408 eV is attributed to phonon replicas. This is discussed in detail later. In Figs. 2 and 3, we have plotted the excitation power and temperature dependence of PL, respectively. To facilitate a direct comparison between the emission channels associated with various transitions, spectra are arbitrarily scaled so that the peak around 1.408 eV has nearly the same intensity in the particular figure. Consider the excitation power-dependent spectra (Fig. 2) first. Especially at the highest excitation power, the spectrum consists of broad continuous emission between 1.30 and 1.45 eV with a busy structure indicating the presence of many different types of excitonic states.
The peak at 1.450 eV, which is about a factor of 5 weaker than 1.408 eV peak at the lowest power, progressively gains strength, and, at the highest excitation power, exceeds the 1.408 eV peak by about a factor of 2. This implies that the density of states responsible for the emission from the peaks marked as NP A and NP B and its various satellites is much smaller than those responsible for the free exciton peak at 1.450 eV. This fact is also borne out in the temperature-dependent spectra (Fig. 3) . The bound state emission in comparison with the band states is clearly more robust against the increase in temperature, as it is for defect states in In x Ga 1Àx N alloys and quantum dots. 26 Second, continuum emission between $1.41 and 1.45 eV, which was missing in Fig. 1 , becomes progressively prominent at high excitation powers (Fig. 2) . For spectra measured at lower excitation powers (Fig. 3) , these states are visible in the high energy tail at elevated temperatures. The exponential form of the tail implies that the carriers have a Maxwell-Boltzmann distribution with an effective "carrier temperature" T e , inferred by fitting PL $ exp½ÀðE À E 0 Þ= k B T e in this energy window (Fig. 4) . 27, 28 Here, E 0 represents the relevant energy gap. The rationale behind this fit is that FIG. 1. PL at 4 K with small excitation power 64 lW. Emission beyond $1.475 eV is attributed to the GaAs substrate. Emission at 1.45 eV is attributed to free excitons, and at and below 1.408 eV to cluster states. Many phonon replicas corresponding to first and second order (TA, LO, and TA þ LO) transitions are also observed.
FIG. 2. PL spectra at 4 K when the excitation power is varied between 0.1 mW and 11 mW. The spectra are scaled so that the intensity at $1.408 eV is the same for all. The emission below 1.408 eV is attributed to localized cluster states and their phonon replica and above 1.408 eV to continuum states. A "mobility edge" separates the continuum states from localized states at 1.408 eV.
FIG. 3.
Temperature dependence of the PL spectra between 15 and 80 K, measured at the excitation power of 64 lW. The spectra are scaled so that the intensity at $1.40 eV is the same for all. Note that exponential tails (straight lines on this semi-log graph) develop at the high energy sides of the peaks at 1.40 and 1.45 eV as the temperature is increased. The slight redshift is due to the usual decrease in the fundamental gap with temperature. The relative intensity of the phonon replicas becomes larger than the nophonon peak at higher temperatures.
FIG. 4. (Inset) Prescription for determining the electron temperature:
Natural logarithm of PL intensity plotted in the relevant range of energy and the high energy tails of the two peaks corresponding to the emission from delocalized states in the defect band ($1.40 eV) and the band-edge excitons are fitted to straight lines whose slope is used to infer the "carrier temperature," T e . This procedure for two temperatures (15 K and 50 K) is shown. (Main figure) Inferred carrier temperatures for the two bands are plotted as the function of lattice temperature. The fact that two T e 's closely follow each other implies that electrons in both the bands are delocalized to a similar degree. 30 while the lower energy cut-off of the PL emission spectrum arises from the density of states, the high energy region (assuming that the band width is very large compared to k B T e ) tail represents the carrier distribution function. 29 The occupation probability can thus be characterized by a single parameter, T e . Fits for spectra measured at two representative temperatures (15 K and 50 K) are shown in Fig. 4 (inset) .
It has been previously shown that not just the kinetic energy but also the extent of carrier localization can be characterized by T e . If photoexcited carriers are created with equal probability anywhere within a band, once trapped they will end up recombining from higher energy states. From the above expression for PL, complete trapping would imply a uniform occupation probability within a band and thus an infinite carrier temperature. 13, 27, 30 In Fig. 4 , carriers from both the free excitonic states ($1.45-1.47 eV) and states between $1.41 and 1.45 eV have nearly the same T e . That T e for both bands closely follows each other for a large range of lattice temperatures indicates that carriers in both these states are equally delocalized and experience similar disorder. Fig. 4 thus independently establishes the existence of two separate sets of extended states within two distinct bands.
The second band of extended states between $1.41 and 1.45 eV are identified with states where the excitons percolate through the crystal by overlaps with their neighbors. It is also evident from Figs. 2 and 3 that the localized states within the defect band continuously (in energy) merge with the delocalized (supercluster) 17 states. The value of energy where this transition occurs is marked with an arrow in Figs. 2 and 3. While this has previously been called the "mobility edge," it is emphasized that this designation is not quite conventional. Historically, the "mobility edge" had been predicted to appear within a band as the result of a subtle wave interference phenomenon resulting solely on account of disorder (Anderson transition). 20 In principle, there should be two such mobility edges, appearing on both the high and the low energy band edges where the density of states is small. In the present case, however, the sharp boundary between the localized and the extended states within the defect band is more perhaps a percolation phenomenon. The classification of various states inferred from the above analysis is schematically depicted in Fig. 5 .
Phonon replicas. Most of the low energy peaks below 1.41 eV can be identified with one of the two prominent transitions, labeled "NP A " and "NP B ," as they occur at a separation of the longitudinal-optical (LO) (36 meV) 31 and/or the transverse-acoustic (TA) (9 meV) 31 phonon modes from these two no-phonon lines (Fig. 1) . While the correct energy separation alone is not sufficient to mark these transitions as phonon replicas, 21 the combination of the observations in Figs. 2 and 3 give additional support to this assertion. In Fig. 2 , intensity of the phonon replicas scales linearly with the strength of the no-phonon transitions, even though the excitation power is varied by almost three orders of magnitude. The relative intensities of the replicas between themselves and with respect to the no-phonon peaks are (almost) preserved. This is only likely to happen if it is the same set of states that are involved for emission at various energies. The relative intensities of other transitions in the broad continuum below $1.35 eV, on the other hand, are found to be strongly powerdependent and non-monotonic. In Fig. 3 , the phonon-assisted transitions broaden and gain in strength due to larger occupation probability of phonons at higher temperature.
The electron-phonon coupling is expected to enhance on account of localization in the cluster states. No replicas are observed for the extended excitonic states and above the mobility edge in the impurity band (Energy > 1.408 eV). The Huang-Rhys' single frequency configuration coordinate model provides a standard method to analyze these phonon-assisted transitions within bound states. 32, 33 The strength of vibronic coupling resulting in n th phonon-replica is parameterized by a temperature-dependent dimensionless number S n ¼ n!I n /I 0 where I 0 and I n are the strengths of the zero-phonon transition and its n th phonon-replica. Following Stoneham, 32,33 the calculation of the Huang-Rhys factor S can be done assuming Fr€ ohlich coupling of polar-optical phonons with the localized electronic wave functions. Focussing on the first replica
Here F(q) is the overlap of the bound state wave functions with the phonon plane waves of momentum q. Here the notation is standard and we have completely followed Ref. when plugged into Eq. (1) yields a relatively large (though still very much in the weak coupling regime) value of S % 0.25. Experimentally, S 1 ¼ I 1 /I 0 for the NP A transition has a value of S 1 ¼ 0.35 and for NP B , S 1 ¼ 0.25 (Fig. 1) . The agreement between experiment and theory is only expected to be approximate because of the very simple nature of the analysis that ignores the non-adiabatic nature of the interaction. Giant oscillator strength. It was recognized in the late 1990s that disorder-created localized states may not always be a nuisance but may actually be responsible for relatively strong and thermally stable emission both in InGaN and quantum dots. 26 Note that there is expected to be an additional enhancement of the emission efficiency on account of the excitons being bound. 24, 34 Though this phenomenon has been known since 1962, it has received scant attention in the context of dilute nitrides.
As long as the size of the bound exciton is much smaller than the wavelength of light, coherence effects enhance the oscillator strength f bound of the bound exciton compared to that of the free exciton f free though the approximate relationship: f bound =f f ree % 4pð1=bÞ 3 =X 0 % 133. Here, X 0 ¼ 0.18 nm 3 is the unit cell volume GaAs and 1=b % 4.4 nm was already calculated earlier. Hence, these bound states have about two orders of magnitude higher radiative recombination efficiency compared to the free exciton states. To summarize, this paper attempted an insight into the nature of the energy levels in the highly mismatched GaAs 0.9975 N 0.0025 alloy by studying an equilibrium-grown sample in the ultra-dilute limit. The zoo of observed optical transitions ( Fig. 1 ) could be consistently explained on account of two separate bands below the GaAs conduction band associated with free excitons and defect states (Figs. 2 and 3) . The defect states continuum itself has coexisting localized and extended states. The degree of delocalization for the latter is similar to that of hybridized conduction band states (Fig. 4) . (Only) The bound states transitions below the "mobility edge" were found to have strong phonon replicas. We have also pointed out that these bound state transitions should have more than two orders of magnitude enhanced optical activity due to the giant oscillator strength effect of account of exciton localization. This is an additional reason for observation of strong emission from these localized levels up to much higher temperature.
